INTRODUCTION
Na2S04 is the prime constituent of the deposit on the blades and first stage guide vanes in combustion gas turbines. The superalloys and coating systems used in the gas turbines suffer from accelerated corrosion known as hot corrosion in the presence of a molten Na2S04 deposit. Various mechanisms (refs. 1 to 6) have been proposed to explain the hot corrosion process and these can be broadly divided into two categories; (1) the fluxing process, and (2) the sulfidation mechanism. The fluxing mechanism was first proposed by Bornstein and DeCrescente (ref. 1) and Goebel and Pettit (refs. 2 and 3) . The fluxing mechanism involves dissolution of the protective oxides in the melt at the melt-oxide interface with subsequent reprecipitation at the melt-gas interface. The dissolution of oxides is basic or acidic, depending on the Na20 activity in the melt. Basic dissolution occurs for high Na20 activities ;n the melt, and in the mechanism of Goebel et al. (refs. 2 and 3) , high Na20 activities are generated in the melt by introduction of sulfides in the alloy. However, for a limited amount of Na2S04, the melt would saturate with the products of basic dissolution and the basic fluxing ;s only of transient in nature. On the other hand, the dissolution is acidic for low Na20 activities in the melt. In the mechanism, proposed by Goebel and Pettit (ref. 3) , acidic fluxing is observed for alloys containing the refractory elements (Mo, W). The Na20 activity is lowered by the addition of the oxides of the refractory elements (Mo03, W03) to the melt, and acidic fluxing can be self-sustaining, thus resulting in catastrophic corrosion. Fryburg hot corros1on of a molybdenum conta1n1ng n1ckel-base superalloy and their stud-1es have led to a mechan1sm d1fferent than that of Goebel and Pettit (ref. 3) . According to the mechan1sm, proposed by Fryburg et al. (ref. 4) , all the Na2S04 was converted to Na2Mo04 before the onset of catastrophic corros1on and corrosion took place by a Na2Mo04 -Mo03 melt. A deta11ed mechanism of corrosion by the Na2Mo04 -Mo03 melt has been described by the present author (ref. 7) . Rapp and Goto (ref. 8) have described the criterion for sustained fluxing beneath a th1n salt f1lm, according to which the solubility gradient must be negative across the melt from the melt-oxide to the melt-gas interface. Various flux1ng processes have been exam1ned 1n detail by Shores (ref. 9) and he concluded that susta1ned fluxing can take place only for a limited number of cases. In most of the cases, flux1ng would be transient 1n nature.
Besides fluxing, the other 1mportant role of the Na2S04 melt is to introduce sulfur into the alloy, thus form1ng the internal sulfides. The mechanism, by wh1ch sulfides are introduced into the alloy, is not clear yet. Simons et al. (ref. 5) have proposed that sulfides are formed by reduction of the Na2S04 melt by an unspecified reducing agent. The presence of carbon in the depos1t is known to cause sulf1de format1on by reducing the Na2S04 melt to Na2S (ref. 10) , The sulf1des, once formed, can lead to accelerated corrosion. The accelerated corrosion occurs by preferential ox1dation of the sulfides. and the sulfur, released by the preferential oxidation, is conserved in the alloy. This has been the basis of the sulfidation -oxidation mechan1sm, as has been described by Spengler and Viswanathan (ref. 11) . Goebel and Pettit (ref. 12) have studied the oxidation behavior of presulfidised nickel-base alloys and .observed that the oxidation rate of presulfidised Ni -Cr alloys was affected by sulfur, only when liquid nickel sulf1des were present along with chromium sulfides. However, in many instances, the morphology produced by the oxidation of the presulf1d1sed alloys shows remarkable sim1larity to the hot corroded alloys (ref. 13 ). This has led many investigators to be11eve that the prime role of Na2S04 is to introduce sulfur into the alloy.
The corros1on of superalloys also depends upon the particular testing method employed. Two d1fferent testing procedures are usually employed to study the hot corrosion of superalloys. One is the laboratory salt-spray tests, in which a limited amount of Na2S04 is sprayed onto the samples before being oxidized at high temperatures. The second is the high velocity burner rig tests, in which the Na2S04 is continuously deposited onto the samples, which are exposed to high velocity, high-temperature gases. The burner rig tests are usually closer to the actual engine operations. The agreement between the laboratory and burner rig tests are generally varied. For the molybdenum containing nickel base superalloys, there are large differences between the laboratory and burner rig test results. In the laboratory tests, a fluxing type of scale morphology is observed, in which Mo plays a distinct role and corros1on takes place by a Na2Mo04 -Mo03 melt (refs. 4 and 14) . On the other hand, in the burner rig tests, the fluxing due to the molybdenum content of the alloy is not observed and a sulfidat1on-oxidation type of morphology is usually observed (refs. 15 and 16) . In both the laboratory and burner rig tests, an induction per10d is observed before the onset of accelerating corrosion. However, the physicochemical processes during the 1nduction period are not well characterized.
The present work has been undertaken to study in deta1l the hot corros1on of a nickel-base superalloy, Ud1met 700. This alloy was chosen because of its intermediate hot corrosion resistance. The particular interest in the present studies is to determine the conditions under which var1ou~ hot corrosion mechanisms are operative. The effect of various parameters like the amount of NaZS04, and temperature on the hot corrosion of Udimet 700 has also been studied.
EXPERIMENTAL PROCEDURE
The alloy used is Udimet 700, which is a wrought nickel-base superalloy. The composition of the alloy is given in table I. The test samples were coupons, approximately of size 23.,5 by 10.8 by 2.4 mm with a hangdown hole in one end. All surfaces were glass head blasted to give an uniform surface finish. The coupons were cleaned ultra~onically in trichloroethylene, detergent, distilled water and alcohol and then dried in an oven at 120°C. The samples were coated with Na2S04 by airbrushing a saturated solution of salt onto the coupons, which were heated on a hot plate to 200°C. The corrosion experiments were performed in a vertical tube furnace. The flow of oxygen was downward at 100 cm min-l. Continuous gravimetric measurements were made with a microbalance. The temperature range of interest in the present studies is 884 to 965°C. The test samples, corroded for different lengths of time weje washed in hot distilled water and the solutions were analyzed for various water soluble elements. For a few experiments the concentration of S02 in the gas flowing out of the furnace tube was measured during the test. The S02 was measured continuously with a thermoelectron pulsed fluorescent S02 analyzer. The corroded samples were examined by conventional metallography and electron-optical techniques.
RESULTS
,General features of corrosion. -The general features of corrosion kinetics are shown in figure 1, which is the kinetics for U-700, coated with 3.5 mg/cm 2 Na2S04 and corroded at 950°C. The details of the corro~ion kinetics will be shown in later sections. The kinetics, in general, can be divided into three different ~eriods, (1) an initial period, during which there is a rapid increase in the weight gain of the sample, (2) an induction period, during which small overall weight gains are observed, and (3) a period ofaccelerating corrosion, during which large weight gains are observed and the corrosion is catastrophic. The weight gains during the period of accelerating corrosion are much higher than that during the initial period of corrosion. The length of each period in the corrosion kinetics and the total weight gain or the extent of cbrrosion during each period are strong functions of the amount of Na2S04 and temperature, which will be described in later sections. In some cases, the length of the initial period is 2 to 3 hr, whereas in other cases, the length of the initial period is 40 to 50 hr. Similarly, the length of the induction period in some cases is 2 to 3 hr, whereas in other cases, it is 200 to 300 hr. The samples, corroded for different lengths of time were washed in hot distilled water and the solution was analyzed for various chemical elements like Na, S04, Mo, Cr, Ni and Co. No significant amounts of Ni and Co were detected in the waterwashed solution. The S04 and Cr in the solution are due to the presence of Na2S04 and Na2Cr04 respectively. The Mo in the solution is due to the presence of Na2Mo04 and Mo03 in the corrosion product layer. Figure 2 shows the amounts of varidus species, in millimoles as a function of 3 time for a sample, coated with 3.5 mg/cm 2 Na2S04 and corroded at 950 °C. The S04 content of the melt decre~ses from the beginning and reaches a zero value at the end of the initial period. The S04 content remains at the near zero value throughout the induction period. The beginning of the period of accelerating corrosion is marked by the slow rise in the S04 content of the solution. During the period of accelerating corrosion, the S04 content of the solution rises slowly, reaches a peak and then decreases again. The Cr content of the . solution increases during the initial period, and attains a maximum value at the end of the initial period. The Cr content of the solution decreases during the induction period and attains a near zero value at the beginning of the period of accelerating corrosion. There is a sharp increase in the Mo content of the solution during the initial period, followed by a slow increase during the induction period. The beginning of the period of accelerating corrosion is marked by a rapid increase in the Mo content of the solution.
The S02 evolved as a function of time for a sample, coated with 3.5 mg/cm 2 Na2S04 and corroded at 950°C is shown in figure 3 . At the beginning of the corrosion experiment, there is a sudden increase in the S02 evolved and the increase continues for about half an hour. After about half an hour, the S02 evolution starts to decrease until the end of the initial period, at which a near zero value is obtained. Throughout the induction period, the S02 evolution remains at the near zero value until the beginning of the period of accelerating corrosion. The S02 evolution increases during the period of accelerating corrosion, reaches a peak and decreases with further progress of time.
Initial period of corrosion. -In the corrosion kinetics shown in figure 1 , the initial period is shown as a linear curve, however, the nature of the corrosion kinetics during the initial period is more complex and is very much dependent on the amount of Na2S04 and temperature. Figure 24 shows the kinetics during the first four hours of corrosion during the initial period for U-700, coated with different doses of Na2S04 at 950 °C. At 950 °C, the corrosion kinetics during the first 2-1/2 to 3 hr is the same for all the doses of Na2S04. At the start of the corrosion experiment, there is a rapid increase in the weight gain, followed by a slowing down in the rate of corrosion. The sample gains weight at a slower rate until about 1 hr. At about 1 hr after the beginning of the corrosion experiment, there is a sudden increase in the rate of weight gain. This is similar to the breakaway oxidation observed in many cases of alloy oxidation (ref. 17 ). The rapid weight gain or the breakaway ox~dation continues for about 1 to 1-1/2 hr. After this, the rate of weight gain slows down. For amounts of Na2S04 ~ 2 mg/cm 2 , the slowing of the rate of weight gain marks the beginning of the induction period. However, for the heavier doses of Na2S04' after about 3 hr from the start of the corrosion experiment, there is again a sudden increase in the rate of weight gain. The sample starts to gain weight at a linear rate. For convenience, the sudden increase in the rate of weight gain after 1 hr of the start of the corrosion experiment will be called the first breakaway oxidation and that observed after 3 ht from the start of the corrosion experiment will be called the second breakaway oxidation.
For the heavier doses of Na2S04, the sample does not continue to gain weight at a linear rate for an indefinite period after the second breakaway oxidation period. Rather, the rate of weight gain slows down again. However, several periods of breakaway oxidation can be observed during the initial period for the heavy doses of Na2S04, and this is shown in figure 5 . After each breakaway oxidation period, a linear rate of weight gain is observed for some time. The rate during the linear period was observed to be nearly the same for all the doses of Na2S04 (~O.8 mg/cm 2 -hr) and is shown in table II. After several breakaway oxidation periods in the initial period, the rate of weight gain slows down and this marks the beginning of the induction period. It will be seen later that breakaway oxidations are also observed during the induction period. However, the rate of weight gain during the breakaway oxidations in the induction period is much smaller than that during the initial period. The total weight ga1n at the end of the initial period is a strong function of the amount of Na2S04, and this relationship at 950°C 1s shown in . figure 6 . For doses up to about 2 mg/cm 2 Na2S04, the total weight gain at the end of the initial period remains constant and for doses >2mg/cm 2 Na2S04. the total weight gain at the end of the initial period increases with an increase in the amount of Na2S04 and a linear relationship is observed.
The scale morphology of samples corroded for different lengths of time up to th~ end of the first breakaway oxidation period in the initial corrosion kinetics is shown in figure 7 . It must be noted that the scale morphology is the same irrespective of the amount of Na2S04. After 15 min of corrosion, a thin scale is produced, which is composed of pr~marily Cr, Al, Ti oxides, and a few discrete internal sulfide particles are also found in the cross section ( fig. 7(a) ). At the very beginning of first breakaway oxidation period in the initial corrosion kinetics, the scale morphology shows ~ .continuous layer of interconnected internal sulfides at the scale-metal interface and some unoxidized alloy in between these sulfides ( fig. 7(b) ). Beneath the layer of interconnected internal sulfides are the discrete sulfide particles. The sulfides were observed to be Cr, Al, and Ti, however, the detailed composition of the sulfides was not determined. The scale morphology towards the end of the first breakaway oxidation period (after about 2 hr at 950°C) shows a distinct band of internal oxides and some unoxidized.alloy ;n between the internal oxides ( fig. 7 (c)). The internal oxides appear to have been formed by the oxidation of the internal sulfides, and at a few places, the sulfides can be seen to be in contact with the internal oxides. The internal oxides are Cr, Al, and Ti oxides. Beneath the zone of internal oxides is a region consisting .of discrete internal sulfides. Few large sulfide particles can be seen in figure 7(c), however, most of the sulfides are discrete and they are not in contact with the internal oxide scale. The presence of the internal discrete Cr, Ti sulfides also depletes the matrix of these alloying elements. For the small and intermediate doses of Na2S04 (up to about 2 mg/cm 2 ) for which no second breakaway oxidation period was observed in the initial corrosion kinetics, the unoxidized areas in between the internal oxides are oxidized with further progress of time and the resulting scale morphology is shown in figure 8 . Note that the thickness of the external scale in figure 8 is nearly the same as the thickness of the external scale plus the internal oxidation region in figure 7(c). For low and intermediate doses of Na2S04, the scale morphology essentially remains the same throughout the induction period.
For the heavy doses of Na2S04 (7~2 mg/cm 2 ) , the scale morphology up to the end of the first breakaway oxidation period is the same as that shown in figure 7 . For the heavy doses, the kinetics shows a second breakaway oxidation period during the initial period. The scale morphology at the very beginning of the second breakaway oxidation is shown in figure 9 . Beneath the external scale, massive internal sulfides are formed. The sulfides are very large and these large sulfides are interconnected among themselves and also in contact with the external scale. X-ray maps show these sulfides to be composed of Cr, 1i and this leaves the unoxidized region in between to consist of Ni, Co, and Mo only. Beneath the zone of large 1nterconnected internal sulf1des, a few discrete internal sulf1de particles are observed. It must be noted that the large 1nterconnected sulfides are formed almost instantaneously: the scale morphology at half an hour before the beginning of the second breakaway oxidation is similar to that shown 1n figure 7(c).
The kinetics shows a 11near rate of weight gain after the second breakaway ox1dation period for the heavier doses and the typical scale morphology during this period of linear weight gain is shown in figure 10 . A part of the massive interconnected internal sulfides have oxidized to their respective oxides. Beneath the zone of interconnected internal sulfides, there is a th1ck zone of discrete internal sulfide particles. A comparison of the scale morphology in figure 10 to that at the beginning of the second breakaway oxidation period ( fig. 9 ) shows a considerable 1ncrease 1n the th1ckness of the zone of discrete 1nternal sulfide part1cles. The scale morphology towards the end of the ini-t1al period for the heavy doses of Na2S04 is shown in figure 11 . It can be seen that all the massive network of internal sulfides have oxidized by now. Also some of the unoxidized alloy in between the 1nternal sulfide network have oxidized by now. However, some unoxidized areas in between the internal oxide network are still present. There is a band of internal sulfides at the scalemetal 1nterface and the details of the scale-metal 1nterface at a higher magni-ficat10n ( fig. 11 (b» shows some internal sulfides to be quite large. Some of the internal sulfides are interconnected among themselves, however, none of the sulfides are connected to the external scale.
The top surface of the samples, corroded for different lengths of time at 950°C, is shown in figures 12 and 13. After 15 min of corrosion at 950 °C, the top surface consists of a melt (Na2S04 -Na2Cr04) w1th some oxide needles protruding through 1t ( fig. 12 (a». The oxide needles are T102, as determined from the EOAX analysis. At one place, the melt spalled off on cooling and a layer of oxide can be seen beneath the melt. After 30 min of corrosion at 950°C, the melt can be seen on the top surface of the scale ( fig. 12 (b», however, by now parts of the oxide grains can be seen above the melt. The morphology, shown in f1gure 12(b) suggests that the ox1des are immersed in the melt, with a part of the oxide on the top of the melt. The morphology of the top surface after 1 hr of corrosion at 950°C is shown in figure 13 . The top surface has spalled off at several locations. The details of the top surface at a location, where the oxide has not spalled off, is shown in figure 13 (b). The top surface in figure 13(b) shows ox1de grains and melt penetration through it. Note that the melt is not present as a continuous layer over the oxide anymore. The magn1fied view of the top surface, where the outer oxide layer has spalled off, shows a very porous layer ( fig. 13 (c». It must be noted that 1 hr in the corrosion kinetics corresponds to the time period after the first breakaway oxidation period. The study of the morphology of the top surfaces shows that there is gradual melt penetration through the ox1de underneath it. Figure 14 shows the details of the increase in Cr content of the waterwashed solution as a function of t1me during the initial period for a sample, coated with 3~5 mg/cm 2 Na2S04 and corroded at 950°C. At the beg1nning of the corrosion experiment, the Cr content of the solution increases rapidly, and it slows down after the 1n1t1al rap1d r1se. After about 45 min of corrosion, there is a sharp and sudden increase in the Cr content of the solution. After the sudden increase, the Cr content of the melt increases at a slower rate until about 3 hr. At this time, there is again a sudden increase in the Cr content of the solut10n, followed by a slow increase in the Cr content with progresi of time. It is worth noting that the times, at which the sudden increase in the Cr content of the solution occurs, corresponds to the beginning of the breakaway oxidation periods. The time of 45 min cO~Tesponds to the beginning of the first breakaway period, where as the time of 3 hr corresponds to the beginning of the second breakaway oxidation period. Also note that the increase in the Cr content of the solution at the beginning of the second breakaway oxidation. period is higher than that at the beginning of the first breakaway oxidation period.
The general features of the corrosion kinetics during the initial period are the same for all the temperatures. However, the time required for the second breakaway oxidation to occur and large interconnected sulfides to form increases with a decrease in temperature, and this is shown in figure 15 for four different temperatures. At 950°C, it takes 3 hr for the second breakaway oxidation to occur, whereas it takes 7 hr and 12 to 13 hr for the second breakaway oxidation to occur at 920°C and 900 °C respectively. As seen in . figure l5(a), no distinction could be made between the first and second breakaway oxidation periods at 965°C.
Induction period. -The induction period is the time period, during which the weight gains are relatively small. Figure 16 shows the details of the induction period for the low and intermediate doses of Na2S04' From figure 16 , several breakaway oxidation periods can be observed at frequent intervals during the induction period. The average rates of wei~ht gain during these breakaway oxidation periods are observed to be 0.1 mg/cm -hr at 950°C. Note that this rate is much smaller than that observed during the breakaway oxidation period in the initial corrosion kinetics. After each breakaway oxidation period in the induction period, the rate of weight gain is similar to that observed in the pure oxidation of U-700. For low and intermediate doses of Na2S04. the average rate of weight gain during induction period (including that during the breakaway oxidation periods) was observed to be of the order of 0.04 mg/cm 2 -hr. For heavier doses of Na2S04 (7 ~ 2 mg/cm 2 ), breakaway oxidation periods could not be observed during the induction period. The average rate of weight gain during the induction period for the heavier doses of Na2S04 increases with an increase in the amount of Na2S04 and this is shown in table III.
For low and intermediate doses of Na2S04, there is no change in scale morphology during the induction period. For the heavier doses of Na2S04, the scale morphology during the induction period is shown in figure 17 . A comparison of the scale morphology shown in figure 17 to that in figure 11(c) (the scale morphology at the end of the initial period) shows that most of the unoxidized areas in between the internal oxides in figure 11 have oxidized by now. The most significant differences in the scale morphologies at the end of the initial period and that during the induction period are the morphologies of the internal sulfides. In the scale morphology at the end of the initial period ( fig. 11 ), the sulfides were discrete particles and uniformly present throughout the alloy beneath the zone of internal oxides. However, with the progress of time, there is a change in the sulfide morphology and the sulfides are primarily concentrated along the alloy grain boundaries ( fig. 17 ).
The length of the induction period is observed to be a strong function of the amount of Na2S04 and the relationship at 950°C ;s shown in figure 18 . The length of the induction period increases with an increase in the amount of Na2S04, reaches a peak, and then decreases with further increase in the amount of NaS04' For amounts of Na2S04 greater than about 4 mg/cm 2 , the length of the induction period remains constant. Similar relationship between the length of the induction period and the amount of Na2S04 is obtained at all the temperatures and table IV shows the length of the induction period versus the amount of Na2S04 at 900 °C. Although, the general trend is the same, for the same amount of Na2S04, the length of the induction period is increased considerably at 900 °C. For example, for a dose of 1.47 mg/cm 2 Na2S04. the length of the induction period was observed to be of the order of 300 hr at 900 °C as compared to 45 to 50 hr at 950 °C.
Period of accelerating corrosion. -From chemical analysis ( fig. 2) , it was seen that the onset of the period of accelerating corrosion is associated with a rapid rise in the Mo content of the melt. A typical scale morphology at the end of the period of accelerating corrosion is shown in figure 19 . The pitting type of corrosion morphology is observed and the pit consists of a Na2Mo04 -Mo03 melt. A thick outer porous oxide layer (NiO + Cr203) had spalled off from the surface. The sulfides have disappeared from the scale morphology. The presence of sulfides in the scale morphology for the heavier doses of Na2S04 causes S02 evolution during the period of accelerating corrosion, which is due to the oxidation of the sulfides. The evolution of S02 also converts a part of Na2Mo04 to Na2S04 and this causes a rise in the S04 content of the water .washed solution during the period of accelerating corrosion. The total amount of S02 evolved during the period of accelerating corrosion increases with an increase in the amount of Na2S04 and this ;s shown in table V.
DISCUSSION
In the hot corrosion of U-700, two different modes of degradation are clearly evident. One mode of degradation involves formation of a Na2Mo04 -Mo03 melt and rapid corrosion by this melt. This mode of degradation occurs for all the doses of Na2S04, however, the time required for the degradation by Na2Mo04 -Mo03 melt to occur is a strong function of the amount of Na2S04 and temperature. The second mode of degradation is due to the formation of massive internal interconnected sulfides. This mode of degradation occurs for the heavier doses of Na2S04 and takes place during the initial period.
Degradation due to the formation of sulfides. -First consider the degradation process due to the formation of massive interconnected sulfides. The mechanism of formation of massive sulfides will be discussed later in this section. Spengler and Viswanathan (ref. 11) have described a mechanism, according to which the degradation occurs by the preferential oxidation of the sulfides, thus releasing further sulfur into the alloy. Release of sulfur into the alloy causes the formation of more sulfides. In this way sulfur is conserved in the alloy and this has been the basis for the sulfidation -oxidation mechanism, as described by Spengler and Viswanathan (ref. 11) . In the present studies, massive interconnected internal sulfides were observed in the scale morphology just at the beginning of the second breakaway oxidation period in the initial corrosion kinetics. After this, a linear rate of weight gain is obtained. It must be noted that the formation of sulfides by itself does not contribute to any weight gain, since the sulfur comes from the Na2S04 applied to the samples. The scale morphology during the linear weight gain period after the beginning of second breakaway oxidation shows preferential oxidation of sulfides 8 ( fig. 10 ). However, the total weight gain during this period of weight gain cannot be accounted for by the preferential oxidation of sulfides only. For examp"'e, for a dose of 3.5 mg/cm 2 Na2S04, the maximum amount of sulfur that can be introduced in the alloy is 0.788 mg/cm 2 . Assuming all the sulfides are Cr2S3' the oxidation reaction for the sulfides can be written as (1) Assuming that all the sulfur is conserved in the alloy, the maximum 02 pick up due to the oxidation of all the sulfides would be 0.788 mg/cm 2 . Similarly, assuming that all the sulfides are CrS, the maximum oxygen pick up would be 0.591 mg/cm 2 ; The weight gain, as determined from the kinetics, represent the 02 pick up and ther~fore the preferential oxidation of sulfides, by itself, cannot account for the total weight gain during the second breakaway oxidation for the heavier doses (about 5 mg/cm 2 for a dose of 3.5 mg/cm 2 Na2S04).
The rapid weight gains observed after the formation of massive sulfides can be explained as follows. As seen in the scale morphology in figure 9 , the sulfides are interconnected among themselves and a1s01n contact with the external scale. The formation of the network of interconnected Cr, Ti sulfides depletes the alloy region in between these sulfides of Cr and Ti. The external scale is porous and the examination of the top surface has shown the melt to be dispersed in the oxide. The large internal sulfides, that are in contact with the external scale, are oxidized. The oxidation of sulfides would generate a porous oxide scale. Thus 02 can come in contact with the regions in between the sulfides, which consist of primarily Ni, Co, and Mo. Rapid oxidation of the depleted region in between the internal sulfides takes place and this results in large weight gains after the second breakaway oxidation period.
According to the sulfidation -oxidation mechanism, proposed by Spengler and Viswanathan (ref. 11), it would appear that once the sulfide are formed, the corrosion would continue for an indefinite period. In the present study. this does not appear to be the case as regards the weight gains are concerned. This is reflected in the fact that the linear rate of weight gain after the second breakaway oxidation in the initial corrosion kinetics for the heavier doses does not continue for an indefinite period. The rate of weight gain rather slows down and this leads to the induction period. The studies on the corrosion kinetics in the presence of a Na2S04 -Na2Cr04 melt might be complicated by any effect that the melt might have on the corrosion kinetics. Therefore, to verify independently that the formation of massive sulfides does not lead to a linear period of weight gain for an indefinite period, the following experiment was performed. A U-700 sample was coated with 5.7 mg/cm 2 Na2S04 and corroded at 950°C up to the time corresponding to the beginning of the second breakaway oxidation in the initial period of corrosion. After this, the sample was taken out of the furnace and hot washed in distilled water to remove any melt that is present in the scale. The washed sample was reoxidized again at 950°C. Figure 20 shows the kinetics after reoxidation at 950 °C. The rate of weight gain ;s linear up to about 4 mg/cm 2 of weight gain, after which the rate slows down. After about 10 hr, the rate becomes similar to that of oxidation of U-700 in 02 only (without the salt deposit) and a near parabolic rate is obtained. The rate of weight gain during the linear period is of the order of 0.8 mg/cm 2 -hr, which is the same as that shown in table II for corrosion by the Na2S04 melt. This further confirms that after the second breakaway oxidation, the rate of weight gain is not affected by the presence of the melt. During the reoxidation experiment at 950 °C, the S02 coming out of the furnace tube was continuously monitored and the S02 evolution as a function of time is also shown in figure 20 along with the kinetics. There is some S02 evolution during the linear weight gain period, suggesting some loss of sulfur to the atmosphere due to the oxidation of sulfides.
The slowing of the rate of weight gain after the linear period is due to a change in the morphology of the internal sulfides. It appears that the oxidation of the interconnected sulfide network produces discrete sulfides beneath the region of interconnected sulfides. The reasons for this are not clear and is a subject of further investigation in this laboratory. Based on the scale morphologies observed in the present study, a generalized model for the oxidation of the internal sulfide network is proposed. The schematics of the oxida-. tion of interconnected sulfide network are shown in figure 21 and ;s described in detail as follows. As mentioned earlier, the linear rate of weight gain after the formation of large interconnected sulfides is due to the preferential oxidation of the sulfides and the depleted alloy in between these sulfides. The preferential oxid~tion of sulfides and the alloy in between these sulfides requires supply of 02, and if the sulfides are in direct contact with the porous external scale or the porous oxidized sulfide layer. 02 can readily be supplied. If all the new sulfides, that are produced by the oxidation of the old sulfides, are in direct contact with the porous external scale, then a linear rate of weight gain would continue indefinitely. The oxidation of sulfides, that are not in contact with the external scale or the oxidized sulfide layer, would require transport of 02 through the alloy and this situation is similar to that of internal oxidation. This would result in a slower rate of weight gain. Thus, for the hot corrosion situation, the linear period of weight gain after the second breakaway oxidation in the initial corrosion kinetics is due to the preferential oxidation of sulfides formed at the beginning of the breakaway oxidation period and the oxidation of the alloy in between the sulfides. After oxidation of all the sulfides in the sulfide network, that was formed in the beginning of the second breakaway oxidation period, the area of the new sulfides that are in contact with the oxidized sulfide layer is very small ( fig. 2l (d». This results ;n a reduction in the rate of weight gain. Although there is a reduc1:ion in the rate of weight gain, it ;s still faster . than that of pure oxidation in 02' This is due to the gradual oxidation of the alloy areas in between the oxidized sulfides. Also, the internal discrete sulfide particles oxidize, the oxygen being supplied by the diffusion of 02 through the alloy. Again, further sulfur is released into the alloy. The scale morphology during the induction period ( fig. 17) shows that with progress of time. the discrete sulfide particles 'are preferentially segregated along the alloy grain boundaries. The reasons for the change in sulfide morphology from that of uniform discrete particles to preferential segregation along the grain boundaries is not clear and is a subject of further investigation in this laboratory.
From the above discussion. the degradation due to sulfide formation can be divided into two categories:
(1) Overall consumption of metal due to the preferential oxidation of the sulfides and the depleted alloy region surrounding the sulfides. This mode of degradation occurs when large internal interconnected sulfides are in direct contact with the porous external scale.
(2) Internal penetration of sulfur along the alloy grain boundaries deep inside the alloy. This mode of degradation occurs after the large interconnected sulfides are completely oxidized. This does not contribute to any significant metal wastage. However, the segregation of sulfides along the grain boundaries might have detrimental effect on the mechanical properties of the superalloy (ref. 18 ).
Mechanism of sulfide formation. -Two different types of sulfide morphologies are produced. One is the discrete sulfide particles and the second is the massive interconnected internal sulfides. In terms of material degradation, the formation of massive internal interconnected sulfides is detrimental and therefore it is instructive to examine the conditions leading to the formation of these massive sulfides. A mechanism of sulfide formation beneath a Na2S04 melt has been described by Goebel et al. (ref. 3 ). According to this mechanism a layer of oxide, e.g., Cr203 or A1203 is developed beneath the Na2S04 melt. Some of the oxygen required for the formation of oxides come from the Na2S04 melt, thus resulting in an oxygen potential gradient across the melt. The lowering of the Po at the oxide melt interface would cause the P s to go up 2 .
~ at this interface. The sulfur diffuses through the oxide lattice fo the metal oxide interface, where Po is low, thereby forming the internal sulfides. 2 The kinetics and the scale morphology obtained during the hot corrosion of U-700 does not support the above mechanism because of the following factors.
(1) Large interconnected sulfides are formed almost instantaneously. This is seen both in the scale morphology and in the corrosion kinetics. In the kinetics, the interconnected sulfide formation is marked by the beginning of a breakaway oxidation in the initial period. According to the mechanism of Goebel et al. (ref. 3) , the introduction of sulfur would be gradual, since it involves diffusion of sulfur through the compact scale. (2) A compact scale is never observed beneath the melt. The oxide scale is porous and the morphology shows melt penetration through the oxide.
In the light of the above discussions, a mechanism is proposed to describe the formation of sulfides which is as follows. The sulfides are formed in the alloy only when the Na2S04 melt comes in direct contact with the alloy. The melt can come in direct contact with the alloy by penetration through the oxide layer, which was clearly evidenced in the morphology of the top surfaces. The mechanism by which sulfides are formed by direct contact of the melt with the alloy is the reduction of S04. The reduction reaction of S04 as seen described by Fang and Rapp (ref. 19) , which is described by the following: (2) The electrons are supplied by the metal oxidation reaction. (M 4 Mn+ + Ne-). S2-ions are produced by the reduction reaction, thus causing the formation of sulfides. When the Na2S04 melt comes in contact with an alloy containing various alloying elements like Cr, Ti, Al , the extent of sulfidation and the morphology of the internal sulfides appear to be dependent on the concentration of the alloying elements. The scale morphology suggests that large interconnected sulfides are formed only when the alloy beneath the melt is depleted of the alloying elements like Cr, Ti. This is explained in detail as follows.
When the alloy, U-700, comes in contact with the melt at the beginning of the corrosion experiment, few discrete sulfide particles are formed in the first few minutes of corrosion and an external scale consisting of Cr203 + Ti02 is developed. The presence of discrete sulfide (Cr, Ti Sulfides) particles depletes the matrix of Cr and Ti. However, at the beginning of the experiment only few discrete sulfide particles are formed, and the distance to which they extend into the alloy is very small. Thus, the extent of depletion would be relatively mild and the thickness of the depletion zone is also relatively small. With the passage of time, the melt penetration through the outer oxide layer occurs, and after some time the melt comes in contact with the depleted region, and large interconnected sulfides are formed. This marks the beginning of the first breakaway oxidation period in the initial corrosion kinetics. However, the thickness of the depletion region was small and the extent of depletion was relatively mild. Thus the extent of formation of interconnected sulfide network is small. During the first breakaway oxidation period, the interconnected sulfide and the alloy in between the sulfides oxidize. In the previous section, it was mentioned that the oxidation of the interconnected sulfide network produces small and discrete sulfide particles beneath the zone of interconnected sulfides. The new sulfides formed are small and distributed in a near uniform manner throughout the alloy, whereas, the sulfides in the interconnected network are large in size. Thus, the area occupied by the new small sulfide particles is larger than that occupied by the interconnected sulfide network. Therefore, the thickness of the depletion region beneath the external scale and the internal oxide is greater than that formed in the first few minutes of corrosion. After the first breakaway oxidation period, when the melt again penetrates the layer of oxide/internal oxides and touches the alloy surface, the melt comes in contact with a thick depleted region of the alloy. This results in formation of large interconnected internal sulfides as seen at the beginning of the second breakaway oxidation period.
A comparison of the total weight gain during the breakaway oxidation periods shows that the total weight gain during the second breakaway oxidation period is greater than that during the first breakaway oxidation period. This is due to the formation of higher amount of interconnected sulfides at the beginning of the second breakaway oxidation period as compared to that at the beginning of the first breakaway oxidation. Again, this is clearly related to the differences in the extent of depletion and the thickness of the depleted zone. A detailed investigation is underway to examine the effect of the alloy content on the formation of interconnected sulfides. Preliminary results (ref. 20) show that in lower Cr containing alloys, large interconnected sulfides are formed at the beginning of the corrosion experiment. On the other hand, for the higher Cr containing alloys,large interconnected sulfides are formed only after a few breakaway oxidation periods and only if Na2S04 is available for a loriger time.
Role of dissolution of oxides by Na2~Q4 during the initial period of corrosion. -The primary oxides formed in the oxidation of U-700, as determined in a separate study by the author, are Cr203 + Ti02 with a few internal A1203 stringers. The reaction of Na2S04 with Cr203 and Ti02 can be described as
The compound Na2Cr04 1s water soluble and (Na20)qTi021s not water soluble. Results of the chemical analysis during the initial period ( fig. 14) shows that large amounts of Na2Cr04 are formed immediately after the beginning of the breakaway o~idation periods. During other times, there is only slow increase in the Na2Cr04 content of the melt. The sharp rise in the Na2Cr04 content of the melt at the beginning of the breakaway oxidation period is due to the formation of sulfides at the beginning of this period, which is explained as follows. It was previously mentioned th~t the sulfides are formed by reduction of the sulfate with the metal. Removal of sulfur from the melt increases the Na20 activity of the melt. The reaction of Na2S04 with Cr203 is greatly enhanced by the increase in the Na20 activity. The increase in Na20 activity due to sulfide formation would be dependent on the amount of sulfur removed from the melt by the sulfate reduction reaction. At the beginning of the second breakaway oxidation, greater amounts of sulfides are formed as compared to that at the beginning of the first breakaway oxidation period. Thus, the Na20 activity at the beginning of the second breakaway oxidati,on period is higher than that at the beginning of the first breakaway oxidation period. This would result in greater amount of Na2Cr04 to be formed at the beginning of the second breakaway oxidation period than that at the beginning of the first breakaway oxidation.
Large amount of Na2Cr04 are formed only when sulfides are formed in the alloy by direct reaction of the melt with the alloy. During the other times, the formation of Na2Cr04 takes place at a slower rate suggesting that reaction of neutral Na2S04 with Cr203 is a slower process. The sharp rise in the Na2Cr04 content of the melt at the beginning of the breakaway oxidation periods further confirms that the sulfides are formed almost instantaneously and breakaway oxidation starts after their formation.
It must be recognized that the large weight gains during the initial period of corrosion are due to the formation of large sulfides and subsequent oxidation of these sulfides along with the alloy in between the sulfides. The formation of large amounts of Na2Cr04 at thebeg1nning of the breakaway oxidation period is only incidental to the sulfide formation and not the primary cause of corrosion. During other times, the reaction between Na2S04 and Cr203 13
;s slow and does not appear to have significant effect on the overall corrosion process. The melt penetration through the oxides appear to be more important than the dissolution of oxides by the melt. This is also true for the hot corrosion of other supera110ys and various coating systems, which has been investigated by the present author in a separate study (ref. 20) .
Sulfide formation as a function of the amount of Na2S04~ -From the mechanisms of sulfide formation, it is seen that sulfides are formed by direct interaction of the melt with the alloy. Thus, formation of sulfides requires the presence of Na2S04 in the melt. This is also further confirmed by the chemical analysis of the corroded samples during the initial period for low and intermediate doses of Na2S04. Table VI shows the S04 content of the water washed solution for low and intermediate doses of Na2S04 after 2-1/2 hrs of corrosion at 950°C and it can be readily seen that most of the Na2S04 had been converted to other sodium compounds. This is the reason why no second breakaway oxidation period was observed in the corrosion kinetics during the initial period for low and intermediate doses of Na2S04. Table VII shows that for the heavier doses of Na2S04, all the Na2S04 is not converted to other Na compounds even 1 hr after the beginning of the second breakaway oxidation period. A comparison of the amount of Na2S04 reacted after 4 hr of corrosion at 950°C (this time corresponds to 1 hr after the beginning of the second breakaway oxidation period) shows the amount of Na2S04 reacted to be the same for all the doses of Na2S04. This is to be expected because (1) most of the conversion of Na2S04 takes place at the very beginning of the breakaway oxidation periods and (2) the extent of sulfidation at the beginning of the breakaway oxidation period is dependent on the extent of alloy depletion plus the thickness of the depleted zone, but not on the amount of Na2S04.
The formation of all the sulfides at the beginning of the breakaway oxidation period is instantaneous and after this the melt is in contact with the sulfides underneath it. The scale morphology shows the sulfides to be very compact and free of pores. Thus, further contact of the melt with the depleted alloy would take place after the oxidation of all the sulfides. After the oxidation of all the interconnected sulfide network, the melt can penetrate through the oxidized sulfide layer and thus come in contact with the depleted alloy region, resulting in formation of more sulfides. This is seen ;n the corrosion kinetics having more than two periods of breakaway oxidation during the initial corrosion kinetics. Except for the beginning of the breakaway oxidation period, the conversion of Na2S04 to Na2Cr04 or other Na compounds is a slower process. Thus, most of the Na2S04, that is still present in the melt after few minutes of breakaway oxidation, will be conserved until the beginning of the next breakaway oxidation. This process would continue until all the Na2S04 had been converted to Na2Cr04 and other Na compounds. Therefore the total amount of sulfides formed during the initial period would increase. with an increase in the amount of Na2S04. No a~alysis of the total sulfur content of the alloy as a function of the amount of Na2S04 was made. However, it will be seen later that during the period of accelerating corrosion, all the sulfides oxidize, thus releasing S02 into the atmosphere. Thus, the total amount of S02 evolved during the period of accelerating corrosion, which was shown in table V. would give an indication about the amount of sulfides formed. From table V. it is seen that the total amount of S02 evolved during the period of acceleraing corrosion increases with an increase in the amount of Na2S04. This further confirms that the total amount of sulfides formed in the alloy increases with an increase in the amount of Na2S04. Since the degradation in the initial period of corrosion is due to the formation of sulfides, the total weight gain or the extent of material loss at the end of the initial period of corrosion increases with an increase in the amount of Na2S04. The initial period comes to an end when all the Na2S04 has been converted to other Na compounds and no more new sulfides can be formed. This was reflected in the chemical analysis of the waterwashed solutions, shown in figure 2, in which the S04 content of the solution attains a near zero value at the end of the initial period.
Physicochemical·processes during the induction period. -From the chemical analysis of the waterwashed solutions, it is known that the end of induction period is marked by the conversion of most of the Na2Cr04 to Na2Mo04. An induction period also has been observed for corrosion of U-700 by a Na2Mo04 melt (ref. 21) and it has been shown that the period of accelerating corrosion begins after the overall Mo03 content of the melt assumes a certain minimum value. The conversion of Na2Cr04 to Na2Mo04 also requires addition of Mo03 to the melt. Thus, during the induction period, Mo03 is added to the melt. In an alloy consisting of Ni, Co, Cr, Ti, Al, Mo (about 2.8 at % Mo), Mo03 can be formed by two different ways: (1) During the transient period of oxidation, when a fresh alloy surface comes in contact with the oxidant, the oxides of all the .elements of the alloy including Mo are formed on the surface. (2) If the alloy is depleted in the alloying element like Cr, Ti, Al and the matrix consists of Ni, Co, and Mo only, then Mo03 can be formed.
Formation of an internal network of interconnected sulfides depletes the areas in between these sulfides of Cr, Ti, and these areas primarily consist of Ni, Co and Mo. During the breakaway oxidation period, the oxidation of the areas in between the sulfides takes place, resulting in formation of some Mo03. This can be readily seen in figure 22 , which shows that there is a sharp increase is the Mo content of the waterwashed solution during the first breakaway oxidation period in the initial corrosion kinetics. Similar results would be anticipated during all the breakaway oxidation periods, which are due to the formation of the interconnected sulfides. During the induction period several breakaway oxidation periods are observed at frequent intervals in the corrosion kinetics. However, the average rate of weight gain during the breakaway periods in the induction period are much smaller than the initial period. This is due to the fact that all the Na2S04 has been converted to other Na compounds by the end of the initial period. Thus during the breakaway oxidations in the induction period, the melt that comes in contact with the alloy does not contain any Na2S04. Therefore sulfides are not formed at the beginning of the breakaway oxidations in the induction period and large weight gains are not observed. However, during each breakaway oxidation in the induction period, fresh alloy surface is oxidized, resulting in formation of some Mo03 during the transient period.
At 950 ac, for very small doses of Na2S04 (~O. 5 mg/cm 2 ), the Mo03 formed during the first breakaway oxidation may be enough to convert all the Na2S04 and Na2Cr04 to Na2Mo04 and thus form a Na2Mo04 -Mo03 melt at the end of the first breakaway oxidation period. Indeed, this ;s the case at 950 ac for the lowest dose of Na2S04 (~0.5 mg/cm 2 ), and is shown in figure 23 . The period of accelerating corrosion starts immediately after the first breakaway oxidation period in the initial corrosion kinetics and no distinct induction period was observed. At 950 aC, for doses of Na2S04 greater than 0.5 mg/cm 2 , the Mo03 added during the first breakaway oxidation period is not enough to convert all the Na2S04 to Na2Cr04 and Na2Mo04 and form a Na2Mo04 -Mo03 mixture. Therefore more Mo03 has to be added to the melt before the onset of the period of accelerating corrosion. For low and intermediate doses of Na2S04, for which no second breakaway oxidation period in the initial corrosion kinetics was observed (i.e., no extensive interconnected sulfide network is formed during the initial period), addition of Mo03 takes place primarily during breakaway oxidation periods in the induction period. Assuming that the amount of Mo03 added to the melt during each breakaway oxidation in the induction period is the same always, then the number of breakaway oxidations required for the formation of a Na2Mo04 -Mo03 melt would increase with an increase in the amount of Na2S04' This is seen in figure 24 , which compares the details of the corrosion kinetics for two different doses of Na2S04' From the above considerations, an increase in the length of the induction period with an increase ;n the amount of Na2S04 would be expected for low and intermediate doses of Na2S04'
In general, the amount of sulfides formed are seen to increase with an increase in the amount of Na2S04' Thus, there are two competing factors which determine the length of the induction period:
(1) The amount of Mo03 to be added to the corrosion product layer for the formation of a Na2Mo04 -Mo03 melt increases with an increase in the amount of Na2S04' (2) The amount of interconnected network of sulfides formed increases with an increase in the amount of Na2S04, thus facilitating the formation of Mo03 by oxidation of alloys in between the sulfides. Therefore, because of the above two competing factors, a maximum in the length of the induction period would be observed at a certain dose of Na2S04 (as shown in fig. 18 ).
Period of accelerating corrosion. -During the period of accelerating corrosion, the corrosion takes place by a Na2MQ04 ~ Mo03 melt. The mechanism of corrosion by a Na2Mo04 -Mo03 melt has been described by the present author (ref. 7) . Briefly, the Mo03 is formed at the melt-gas interface by the Mo~4/Mo~6 exchange reaction in the melt. Mo~6 migrates from the melt-gas to the melt-alloy interface and Mo~4 migrates from the melt-alloy to the melt-gas interface. At the melt-alloy interface, oxidation of Ni to Ni~~ takes place by reaction with Mo~6 and the Ni~~ is transported to the melt-gas interface, where it is converted to NiO. Besides the above reactions, the basic fluxing of Cr203 and A1203 by the melt also takes place.
During the period of accelerating corrosion, the overall consumption of the alloy by the Na2 Mo04 -Mo03 melt takes place. Due to this the sulfides are oxidized, thus releasing S02 to the atmosphere. This causes the evolution of S02 during the period of accelerating corrosion for the heavier doses of Na2S04 ( fig. 3 ).
Effect of temperature on the overall corrosion process. -The general features of corrosion, e.g., kinetics and the scale morphology are the same at all the temperatures. However, the major effect of temperature is to increase the length of the induction period with a decrease in temperature. Also, for the heavier doses, the time for the beginning of second breakaway oxidation in the initial period increases with a decrease in temperature. Since the breakaway oxidation periods involve melt penetration through the oxide scale and contact of the melt with the alloy, it is apparent that the temperature has a major effect on the melt penetration through the oxide. One possible effect of temperature is to increase the viscosity of the melt with a decrease in temperature and thus affecting the wetting properties of the oxide. For a viscous 16 melt, the melt penetration through the oxide would be more difficult and it might take a longer time for the melt to penetrate a layer of oxide.
SUMMARY AND CONCLUSION
In the hot corrosion studies on U-700, two primary modes of degradation were observed; (1) degradation due to formation of large network of sulfides.
(2) formation of Na2Mo04 -Mo03 melt and fluxing by the Na2Mo04 -Mo03 melt. An induction period was observed before the degradation by Na2Mo04 -Mo03 melt occurs and the length of the induction period was observed to be a strong function of the amount of Na2S04 and temperature. The results from the present stud'ies have shown that the fluxing is only important in the case of corrosion by the Na2Mo04 -Mo03 melt. Again, even in the case of corrosion by Na2Mo04 -Mo03 melt, the fluxing does not take place by the conventional dissolution and reprecipitation of oxides. Rather, the fluxing takes place by a Mo+4/Mo+6 exchange reaction in the melt, and the oxidation of Ni to Ni++ at melt-alloy interface. The Ni++ is transported through the melt and at the melt-gas interface, NiO is formed.
Rapid dissolution of Cr203 is observed at the beginning of the breakaway oxidations in the initial period of corrosion. However, it must be emphasized that the rapid dissolution of Cr203 is incidental to the formation of sulfides and not the cause of the sulfide formation. During other times, the dissolution of Cr203 in the Na2S04 melt is a slower process, and does not contribute sign1fic~ntly to the corrosion process. Frequently, melt penetration through the oxide occurs and this was marked by several periods of breakaway oxidation both during the initial period and the induction period. Indeed, the penetration of the melt through the oxide should be considered as the primary mode of degradation, because (1) both discrete sulfides and large interconnected sulfides are formed by the direct contact of the Na2S04 melt with the alloy and.
(2) Mo03, required for the formation of the Na2Mo04 -Mo03 melt, is formed by the oxidation of a fresh alloy surface during the breakaway oxidation period.
The degradation due to the formation of large interconnected sulfides involves preferential oxidation of the s~lfides and the alloy in between the sulfides, thus resulting in an overall material consumption. During the oxidation process, the morphology of the sulfides changes from that of large interconnected sulfides to that of small and discrete particles. With further progress of time, the sulfides are preferentially concentrated along the alloy. grain boundaries. In terms of overall material degradation, the formation of large interconnected sulfides is detrimental. The interconnected sulfides are formed by the direct contact of the Na2S04 melt with the Cr depleted region in the alloy.
One important factor that is evident from the present stUdies is the importance of testing conditions, particularly the amount of Na2S04. For example, if a test was undertaken at 900 °C with a dose of 0.5 mg/cm 2 Na2S04, then the alloy would undergo catastrophic corrosion in 10 to 15 hrs due to the formation of a Na2Mo04 -Mo03 melt. However, if a test ;s undertaken at 900 °C with a dose of 1.5 mg/cm 2 Na2S04, the alloy undergoes catastrophic corrosion only after about 300 hr of testing time. The dose of 1.5 mg/cm 2 also ;s not enough for the formation of large interconnected sulfides. Thus the tests with a dose of 1.5 mg/cm 2 Na2S04 for times shorter;than 300 hr would conclude that there ;s less corrosion with an increase ;n the amount of Na2S04. Again, for the heavy doses of Na2S04, at 900 °C, the degradation of the alloy takes place in the first 15 to 20 hr due to a different mechanism, e.g., the formation of large interconnected sulfides. From these considerations, it is obvious that erroneous conclusions would be obtained about hot corrosion resistance of the superalloy if tests were carried out with a single dose of Na2S04' '" c. (a) S. E. i mage and x-ray maps. Figure 9 . -Scale morphology at the beginning of the second breakaway oxidation in the corrosion kinetics in the initial period for U-700, coated with 3.5 mg/cm 2 Na2S04 and corroded at "950 °C. (a) After 1 hr from the begi nni ng of the second breakaway oxidation.
(b) After 5 hr from the beginning of the second breakaway oxidation. 
